Retrospectively collected, formalin-fixed and paraffin-embedded tissue blocks were obtained from the archives of the Pathology Department for 137 patients with pancreatic adenocarcinoma, who underwent resection with curative intent during the period from 2001 to 2012 at the Leiden University Medical Centre, Leiden, The Netherlands. Only patients with 
Introduction
Pancreatic cancer ranks the fourth leading cause of cancerrelated death and is estimated to be the second leading cause of cancer death by 2020. 1, 2 Complete surgical resection offers the only hope for cure; however, even after successful tumour removal, recurrence rates range from 46% to 89%. [3] [4] [5] [6] [7] [8] Currently, anatomic resectability and carbohydrate antigen 19-9 (CA 19-9) serum levels are the most commonly used prognostic factors to select optimal treatment strategies for non-metastatic patients with pancreatic cancer, but unfortunately with only modest impact. 9, 10 Consequently, there is a necessity for novel molecular markers that are able to predict biological behaviour to identify patients requiring more aggressive systemic and/or surgical treatment.
Proteolysis via the plasminogen activation cascade is a crucial biological process involved in cancer cell invasion and metastasis. The urokinase plasminogen activator receptor (uPAR), a glycosyl-phosphatidylinositol-anchored membrane protein, plays a dominant role in this cascade by localizing the urokinase plasminogen activator (uPA) to the cell membrane. 11 After binding to uPAR, uPA converts the inactive zymogen plasminogen into plasmin. This active serine protease subsequently activates other proteinases, resulting in the proteolysis of basement membrane proteins and extracellular matrix. 12 Considerable evidence indicates that uPAR expression in neoplastic cells, as well as stromal cells, is correlated with shortened survival in various malignancies, including colorectal, breast, and renal carcinoma. [13] [14] [15] [16] [17] [18] [19] [20] [21] In pancreatic cancer, uPAR expression has been observed in both tumour and surrounding stromal cells. However, it remains unclear which cellular uPAR localization is more immediately involved with tumour behaviour and therefore associated with patient prognosis. 15, 22 In the present immunohistochemistry study, performed in a large cohort of patients with pancreatic adenocarcinoma, the expression pattern of uPAR in both tumour and stromal cells and its clinical implications were evaluated.
2
Biomarker Insights pancreatic adenocarcinoma were included in this study. None of the patients in this study received chemotherapy and/or radiation prior to surgery. Clinicopathological data were collected from electronic hospital records. Differentiation grade was determined according to the guideline of the World Health Organization, and the TNM stage was defined according to the American Joint Commission on Cancer criteria. 23 All samples were non-identifiable and used in accordance with the code for proper secondary use of human tissue as prescribed by the Dutch Federation of Medical Scientific Societies. The use of archived human tissue conformed to an informed protocol that had been reviewed and approved by the institutional review board of the Leiden University Medical Centre, Leiden, The Netherlands.
Immunohistochemistry
Tissue microarrays (TMAs) of pancreatic adenocarcinoma were constructed to perform uniform and simultaneous immunohistochemical staining patterns to limit intra-assay variation. A single representative block was selected for each patient based on haematoxylin-eosin-stained sections. From each donor block, triplicate 2.0-mm cores were punched from areas with clear histopathologic tumour representation and transferred to a recipient TMA block using the TMA Master (3DHISTECH, Budapest, Hungary). From each completed TMA block, 5-µm sections were sliced. The sections were deparaffinized in xylene and rehydrated in serially diluted alcohol solutions, followed by demineralized water according to standard protocols. Endogenous peroxidase was blocked by incubation in 0.3% hydrogen peroxide in phosphate-buffered saline (PBS) for 20 minutes. Antigen retrieval was performed by heat induction at 95°C using PT Link (Dako, Glostrup, Denmark) with a low-pH Envision FLEX target retrieval solution (citrate buffer pH 6.0, Dako). Immunohistochemical staining was performed by incubating TMAs overnight with antibodies against uPAR (ATN-615, provided by Professor A.P. Mazar), 24 α-smooth muscle actin (α-SMA) for myofibroblasts (PA5-16697; Thermo Fisher Scientific, Waltham, USA), and vimentin for mesenchymal cells (clone V9; Santa Cruz, Dallas, USA), all at room temperature. All antibodies were used at predetermined optimal dilutions using proper positive and negative control tissue: ATN-615 at 1 µg/mL, PA5-16697 at 0.25 µg/mL, and V9 at 2 µg/mL. Control samples were incubated with PBS instead of the primary antibodies. The sections were washed with PBS, followed by incubation with Envision anti-mouse (K4001; Dako) or Envision anti-Rabbit (K4003; Dako), where applicable, for 30 minutes at room temperature. After additional washing, immunohistochemical staining was visualized using 3,3-diaminobenzidine tetrahydrochloride solution (Dako) for 5 to 10 minutes resulting in brown colour and counterstained with haematoxylin, dehydrated, and finally mounted in Pertex.
Immunohistochemistry evaluation
All stained sections were scanned and viewed at ×200 magnification using the Philips Ultra Fast Scanner 1.6 EA (Philips, Eindhoven, The Netherlands). Evaluation of the immunohistochemical staining of all molecular targets was performed blinded and independently by 2 observers (S.W.L.d.G. and H.A.J.M.P.). In cases of discrepancy, the 2 observers resolved the final score in accordance with a pathologist (H.M.). Immunostaining positivity was determined by a combination of staining intensity and percentage of tumour cells stained. Immunostaining intensity was scored as 0 = negative, 1 = weakly positive, 2 = moderately positive, and 3 = strongly positive. However, in this relatively small cohort, the staining intensity did not contribute substantially to the survival analyses. Therefore, in the final analysis, percentages of uPAR staining in neoplastic cells were dichotomized as low (<50% moderate/strong expression) or high (⩾50% moderate/strong expression). 21 As described in a previous study, the staining results for α-SMA were scored, according to the extent of stromal positivity, as low/negative (<50% stroma positive) or high (diffuse expression throughout tumour, >50% stroma positive). 25 
Statistical analysis
All statistical analyses were conducted using SPSS statistical software (version 23.0; IBM SPSS Inc, Chicago, IL, USA). Baseline characteristics were reported as frequencies, and continuous data were presented as median with interquartile range (IQR) unless indicated otherwise. Comparison of the clinical and pathological characteristics of the 2 cohorts was made using the χ 2 test. The Fisher exact test was used when one of the groups counted less than 5. Disease-free survival (DFS) was defined as the time from surgery to the first evidence of local or distant recurrence disease, death from any cause, or lost to follow-up, whatever came first. Overall survival (OS) was defined as the time from the date of surgery to the date of death or lost to follow-up. Kaplan-Meier estimates of the survival function, including P values from the log-rank test were used to graphically compare the time-to-event outcomes based on uPAR expression and to estimate median OS and DFS. Furthermore, univariate and multivariate survival analyses were performed using the Cox proportional hazard regression model. Only variables that were significant on univariate analysis were included in multivariate analyses. Separate multivariate models were employed, one including uPAR expression in neoplastic and stromal cells as different covariates, and another incorporating uPAR expression in both neoplastic and stromal cells as one covariate. In case the proportional hazard assumption was violated, the log-rank test was used, and subsequently, these covariates could not be included in the multivariate regression model. 26 Statistical significance was set at P < .05.
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Results
Patient and tumour characteristics
Microscopic semi-quantification of uPAR expression in neoplastic and stromal cells was successful in 89% (n = 122) of pancreatic adenocarcinoma. Patient and tumour characteristics are listed in Table 1 . The median age was 65 (IQR: 60-72) years, 62 (51%) patients were women and 114 (93%) patients were diagnosed with pancreatic adenocarcinoma located in the head of the pancreas. Primary tumour stage was classified as pT1 in 17 (14%) patients, pT2 in 32 (26%), pT3 in 65 (53%), and pT4 in 8 (7%) patients. In addition, most of the patients had positive nodes (n = 93; 76%) and moderately differentiated tumours (n = 41; 45%). Complete surgical resection (R0) was possible in 83 (68%) cases, and 61 (50%) patients underwent adjuvant chemotherapy after surgical resection of the tumour.
uPAR expression
In pancreatic adenocarcinoma, uPAR expression was detected in both neoplastic cells and tumour-associated stroma cells, including myofibroblasts and other mesenchymal cell, as identified by staining for α-SMA and vimentin (Figures 1 and 2 ). The uPAR expression was elevated in neoplastic cells in 66% of (7) 5 (6) 1 (4) 7 (7) 3 (6) 5 (7) pT-stage, n (%) 
<.001
Abbreviations: CI, confidence interval; HR, hazard ratio; uPAR, urokinase plasminogen activator receptor.
a Tumour differentiation was available for 75% (n = 95) of the population; significant P values are bold.
the cases (n = 81) and in tumour-associated cells in 82% (n = 100). A significant correlation (P < .001) was found between uPAR expression in neoplastic and tumour-associated stromal cells. About 62% (n = 75) of the patients with pancreatic adenocarcinoma demonstrated uPAR overexpression in both neoplastic and tumour-associated tumour cells. The uPAR expression in stromal cells was significantly associated (P = .049) with age < 65 years, whereas uPAR expression in both neoplastic and stromal cells correlated (P = .015) with more advanced pT-stage. No association was found between baseline clinicopathological characteristics and uPAR expression in either neoplastic or stromal cells (Table 1) .
Overall survival
At the time of analysis, 91% (n = 111) of the study population was deceased. The median OS in the overall cohort was 17 (95% confidence interval: 15-19) months. Using univariate analysis, age, sex, tumour location, pT-stage, tumour differentiation, and treatment with adjuvant therapy (log-rank P = .382) were not associated with OS. However, positive lymph nodes, uPAR expression in neoplastic cells (median OS: 14 vs 23 months; Figure 2A ), uPAR expression in stromal cells (median OS: 16 vs 21 months; Figure 2C ), and uPAR expression in both neoplastic and stromal cells (median OS: 13 vs 24 months; P < .001; Figure 2E ) were significantly predictive for OS (Table 2) .
In multivariate analysis, positive lymph nodes and uPAR expression in neoplastic cells were independent prognostic factors for OS, but uPAR expression in stromal cells did not keep its significance. On separate multivariate analysis, positive lymph nodes and uPAR expression in both neoplastic and stromal cells were also significant prognostic factors for OS in pancreatic cancer (Table 2) .
Disease-free survival
About 35% (n = 35) of all patients reported local recurrence, 63% (n = 64) distant recurrence, 42% (n = 42) liver metastasis, 22% (n = 22) lung metastasis, and 20% (n = 20) local and distant recurrence. The uPAR expression in stromal cells (P = .018) was associated with the development of liver metastases. No correlations between uPAR expression and specific types of recurrence were found (Table 3) .
In univariate analyses, age, sex, tumour location (log-rank P = .727), pT-stage, tumour differentiation, and receipt of adjuvant therapy (log-rank P = .245) did not demonstrate predictive value for DFS. However, positive lymph nodes, uPAR expression in neoplastic cells (median DFS, 11 vs 16 months; Figure 2B ), and uPAR expression in both neoplastic and stromal cells (median DFS: 10 vs 16 months; Figure 3F ) were significantly associated with poor survival (Table 4 ). The association of uPAR expression in stromal cells with OS did not reach statistical significance (median DFS: 11 vs 15 months; HR, Figure 2D ).
Multivariate analysis showed that positive lymph nodes, uPAR expression in neoplastic cells and uPAR expression in both neoplastic and stromal cells were independently associated with poor DFS (Table 4) .
Discussion
Outcomes after resection for pancreatic adenocarcinoma are variable and contingent on both the biology of the disease and the efficacy of the treatment. Determination of proteins or pathways that increase risk of recurrence and impair survival might be helpful to assist with the selection of patients with pancreatic cancer who could benefit from (neo)adjuvant and targeted therapies. The results of this immunohistochemical study reveal a significant inverse correlation between uPAR expression and OS and DFS of patients with pancreatic cancer. The prognostic impact of uPAR in stromal cells is striking, but it is not an independent parameter, such as uPAR expression in neoplastic cells.
Relatively, few studies have analysed tissue expression of uPAR and its association with prognosis in pancreatic cancer. 27 In 1997, Cantero et al 15 were the first to report worse survival for patients with high uPAR-positive pancreas tumours in a small cohort of 30 patients. Although they noticed uPAR staining in malignant epithelial cells and stroma cells, they did not correlate these separately with survival. More than 10 years later, the level of uPAR messenger RNA (mRNA) was shown not to be correlated with prognosis in a small cohort of 25 patients, whereas in another study with 46 patients, uPAR mRNA appeared to be the strongest biological prognostic marker. 28, 29 The prognostic association of uPAR with pancreatic cancer was further confirmed by the measurement of high levels of soluble uPAR in urine of these patients. 30 Our data, in a relatively large cohort of patients with pancreatic cancer, confirm the association between uPAR and survival. This suggests a role for uPAR as a potential independent indicator for the identification of higher risk patient subgroups, as has been found for other tumour types, including colorectal, breast, and lung cancers. 20, 31, 32 The uPAR enhancement on malignant cells can partly be explained by oncogenic amplification of the PLAUR gene, as has been identified by Ströbel and co-workers in 52% of the cases in a cohort of 50 patients with pancreatic cancer. 22 However, uPAR upregulation in neoplastic cells is not dependent solely on gene amplification, as uPAR expression is also upregulated by several oncologic pathways in which transcription factors such as AP1 and PEA3/ETS are involved. 11 Furthermore, environmental factors such as tumour necrosis factor-α and interleukins can enhance uPAR expression, which could partly explain the upregulation in tumour stromal cells, such as myofibroblasts, macrophages, and endothelial cells. 33 Upregulation of uPAR in these cells has no genetic background and is primarily a response to signals from the cancer cells. The association of uPAR upregulation in stromal cells with survival, as found in this study, turned out not to be independent in multivariate analyses, as has been found in other tumour types. 21, [34] [35] [36] However, in these other tumours, the uPAR-positive stromal cells were often located at the invasive front, which seems not specifically the case for uPAR expressing stromal cells in pancreatic cancer.
Just the presence of uPAR on certain cell types does not contribute to the malignancy of a tumour and could not explain a prognostic relevance. As a receptor, uPAR is strongly dependent on its interaction with other proteins for its functions. 11 The most obvious function of uPAR is the stimulation of proteolysis, which does not exist without the presence of plasminogen and uPA and is otherwise tightly regulated by the presence of inhibitors PAI-1 and PAI-2. The chemotactic function of uPAR depends on cleavage by uPA, where again the inhibitors play a regulatory role. Also, uPAR-mediated intracellular signalling relies on the binding of uPA, Vitronectin, and several integrins as ligands. Because uPAR itself does not contain an intracellular domain, these signals are transduced by other, 'professional' signalling proteins with transmembrane and intracellular domains such as tyrosine kinase receptors, G protein-coupled receptors, and integrins. 37 All these interactions between uPAR and other de Geus et al 7 proteins, plus the shedding of 1 of the 3 domains by uPA influence the 3-dimensional structure of uPAR. Therefore, it is well established that different anti-uPAR antibodies with varying epitope specificity result in different immunohistochemical staining patterns. 38 Obviously, part of the discrepancies regarding the prognostic value of uPAR in pancreatic cancer described in the literature may be explained using antibodies targeting different domains within the uPAR protein. In this study, the extensively validated antibody ATN-615 was used, which detects almost all forms of uPAR, probably explaining the abundant presence of uPAR in multiple cell types in comparison with some other studies. 24 
Biomarker Insights
Another difference with previous studies is the use of a TMA, which might also be the biggest limitation of this study. Although the tumour areas were carefully selected to represent a complete overview of the tumour, the possibility of discrepant patterns of uPAR in comparison with conventional tissue sections is not ruled out. However, previous studies in breast cancer demonstrated that analysis of at least 2 cores on the TMA is comparable with the analysis of whole tissue sections in >95% of cases. 39 Another restriction of this study is that patients with metastatic unresectable disease at time of diagnosis could not be included because these patients rarely have adequate tissue for detailed immunohistochemical evaluation. Considering the uPAR distribution in stage and grade, it seems not likely that including these patients with expected bad prognosis would have influenced the analysis dramatically.
Next to a possible application as prognostic marker, uPAR may also hold promise as a selective target for either tumourspecific image-guided surgery or targeted therapy because of its absence in normal pancreatic tissue and chronic pancreatitis. 40, 41 A preclinical study has indeed demonstrated the ability of uPAR-targeted near-infrared dye-labelled theranostic nanoparticles, to visualize residual disease in pancreatic xenografts. 42 Furthermore, uPAR-targeted magnetic iron oxide nanoparticles carrying gemcitabine were able to overcome the tumour stromal barrier and subsequently were able to enhance the efficiency of the drug. This is particularly relevant, as high resistance to therapy is a major challenge in pancreatic cancer care. 43, 44 In summary, this study demonstrates in a relatively large cohort of patients with pancreatic adenocarcinoma that uPAR expression, in particular determined in stromal cells as well as in cancerous cells, is predictive for unfavourable OS and DFS.
Evaluation of uPAR expression, alone or in combination with other predictive factors, may improve the identification of patients who could benefit from more aggressive treatment. Although the combination of uPAR determination in neoplastic cells and stromal cells seemed to have the highest prognostic impact, further studies for better understanding of the mechanisms involved are still necessary.
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